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•  High  electrokinetic  energy  conversion  efficiency  in  Nafion  membrane  is  found. 

•  Electrokinetic  figure  of  merit  is  investigated  experimentally. 

•  Highly  charged  membranes  have  not  been  considered  for  electrokinetic  energy  conversion. 

•  Low  cost  electrokinetic  energy  conversion  may  be  possible. 
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Based  on  measurements  of  the  streaming  potential  coefficient,  hydraulic  permeability  and  ion  conduc¬ 
tivity  the  electrokinetic  energy  conversion  of  nanoporous  ion  conductive  Nafion®117  polymer  membrane 
has  been  evaluated.  A  high  figure-of-merit  of  1.1  ±  0.2  has  been  found  in  0.03  M  aqueous  LiCl  solution 
that  corresponds  to  an  electrokinetic  energy  conversion  efficiency  of  approximately  18  ±  2%.  To  the  best 
of  our  knowledge,  this  is  the  first  study  in  the  literature  designated  to  the  electrokinetic  energy  con¬ 
version  in  materials  where  the  pores  have  high  surface  charge  density.  The  initial  results  are  promising 
with  respect  to  future  electrokinetic  generator  or  pump  applications  and  highly  charged  polymer 
membranes  might  be  a  future  pathway  for  low-cost  high-efficiency  electrokinetic  energy  conversion. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  fundamental  mechanism  of  electrokinetic  effects  is  the 
coupling  of  the  movement  of  ions  and  a  solvent.  In  aqueous  sol¬ 
vents  this  coupling  arises  from  the  hydration  effect  which  is  caused 
by  electrostatic  interactions  between  the  charged  ions  and  polar 
water  molecules.  Electrokinetic  effects  can  be  utilized  for  direct 
conversion  of  electrochemical  energy  into  kinetic  energy  or  vice 
versa  [1],  i.e.  in  electroosmosis,  water  molecules  are  dragged  along 
with  an  ionic  current  and  functions  as  a  pump.  In  the  reverse 
operation  a  pressure  gradient  creates  a  flux  of  water  that  drags  ions 
along  with  it  inducing  a  streaming  potential  that  can  be  utilized  for 
power  generation. 

State-of-the-art  with  respect  to  commercial  devices  that  can 
convert  kinetic  energy  and  electrical  energy  is  dominated  by 
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electromagnetic  actuators  that  are  coupled  to  mechanical  stages  i.e. 
pumps,  generators  or  turbines.  Less  used  technologies  are  based  on 
e.g.  the  piezoelectric  effect  [2],  electro  active  polymers  (EAP)  [3] 
including  the  ones  based  on  ion  conductive  membranes  [4].  A 
unique  property  of  electrokinetic  energy  conversion  is  the  direct 
coupling  between  ions  and  solvent,  this  result  in  pumps  and  gen¬ 
erators  that  does  not  require  moving  mechanical  stages  such  as 
shafts,  rotors,  turbines,  diaphragms  etc.  In  certain  applications  this 
property  can  make  electrokinetic  devices  more  feasible  than  elec¬ 
tromagnetic,  piezoelectric  or  EAP  based  devices.  If  high  efficient 
electrokinetic  energy  conversion  devices  can  be  realized  some  of 
the  potential  applications  within  actuation  will  be  microfluidic 
pumps,  compressors  for  cooling  cycles,  advanced  electrodialytic 
separation  processes  (combined  desalination  and  dewatering); 
recently,  also  as  thruster  for  space  propulsion  [5]  has  been  sug¬ 
gested.  With  respect  to  power  generation  some  of  the  potential 
applications  are  domestic  generators  in  (solar)  heat  engines  e.g. 
organic  Rankine  cycles  6],  compressed  air  energy  storage  [7]  or  a 
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combination  of  both.  The  feasibility  of  potential  applications  de¬ 
pends  strongly  on  the  parameters  like  energy  conversion  efficiency, 
power  density  and  capital  investment.  To  this  end  it  is  noted  that 
pumps  and  generators  can  reach  very  high  first  law  efficiencies 
above  90%  as  seen  for  large  turbines/generator  in  hydroelectric 
plants  or  for  large  high  pressure  pumps  for  desalination  purposes. 
Nonetheless,  the  general  trend  is  that  the  efficiency  decreases  with 
power  and  it  is  typically  below  50%  in  state-of-the-art  frequency 
controlled  pumps  in  the  1  kW  range  [8]  and  the  target  of  alternative 
energy  conversion  technologies  is  most  likely  to  be  in  this  range 
and  below. 

Electrokinetic  energy  conversion  was  initially  studied  theoreti¬ 
cally  in  the  1960’s  by  Osterle  and  co-workers  [1,9]  and  Burgreen 
and  Nakache  [10,11]  that  predicted  maximum  first  law  efficiencies 
(?7ek)  of  the  order  1—3%  and  up  to  17%,  respectively.  During  the  past 
decade  renewed  interest  in  this  topic  has  emerged;  most  reports 
focus  on  the  theoretical  transport  properties  of  straight  nano¬ 
channels  with  well-defined  dimensions  [12-27  .  However,  only  a 
few  experimental  investigations  [12,28-32]  have  been  reported  in 
which  77ek  up  to  10%  has  been  measured.  Nonetheless,  recent 
theoretical  development  has  shown  that  ijek  much  larger  than  10% 
may  be  obtained  in  pores  with  slip  flow  [16,18,25  or  in  pores  where 
there  is  a  counter  ion  layering  that  displaces  some  of  the  counter 
ions  away  from  the  pore  wall  [26,27].  Both  effects  increase  with  the 
surface  charge  density  Oo)  [16,18,25,26]. 

Recently,  the  electrokinetic  properties  of  low  charged  mem¬ 
branes  with  pore  sizes  in  the  range  from  25  to  1000  nm  were 
investigated,  and  a  maximum  estimated  conversion  efficiency  of 
about  7%  was  found  [32].  In  the  current  work  we  present  the 
electrokinetic  properties  of  commercial  Nafion®117  membranes,  in 
the  following  referred  to  as  Nation.  In  contrast  to  the  previous 
study,  Nation  is  a  highly  charged  membrane  with  an  ion  exchange 
capacity  of  ~0.95  meq  g-1  dry  membrane.  Assuming,  as  a  first 
approximation,  that  the  fixed  charges  are  evenly  distributed  in  the 
membrane  this  corresponds  to  a  surface  charge  density  of 
approximately  0.2  C  m-2  in  good  agreement  with  other  assess¬ 
ments  of  (Jo  ~  0.2  C  m~2-l  C  nrr2  in  the  pores  of  Nation  [33,34]. 

The  detailed  structure  of  Nation  in  the  swollen  state  has  been 
contentious.  Indeed  in  its  solvated  state  Nation  presents  a  rather 
complex  structure  since  it  can  be  depicted  as  a  heterogeneous 
medium  in  which  a  hydrophobic  PFTE-like  backbone  phase  coexists 
with  a  hydrophilic  region  formed  by  the  side-chain  -SO3H  groups 
and  water  molecules.  Different  models  have  been  proposed  to 
describe  such  a  two-phase  structure;  e.g.  the  standard  Gierke’s 
model  [35]  of  network  formed  by  spherical  water  cluster  inter¬ 
connected  by  narrow  1-nm  channel,  local-order  model  [36]  hy¬ 
drated  bilayers  [37,38]  and  network  models  [39]  among  the  others. 
Analysis  of  small-angle  X-ray  scattering  data  showed  that  the 
Nation  structure  could  be  accurately  explained  as  parallel  cylin¬ 
drical  nanochannels  [40]  with  diameters  ranging  between  1.8  and 
3.8  nm  at  20  vol%  water  content.  Despite  the  differences  in  the 
proposed  structures,  the  excellent  transport  properties  of  Nation 
membranes  are  believed  to  be  related  to  the  interconnected  water 
network  inside  the  polymer  matrix,  with  channel  dimension 
ranging  approximately  between  1  and  5  nm. 

Direct  measurement  of  the  electrokinetic  conversion  efficiency 
is  inherently  challenging  from  an  experimental  point  of  view.  In 
particular  contact  resistance  between  electrodes  and  membrane 
might  diminish  the  measured  efficiency  compared  to  the  possible 
maximum  efficiency  of  the  membrane.  Furthermore,  a  direct 
measurement  of  the  conversion  efficiency  does  not  reveal  detailed 
information  about  the  properties  of  the  membranes.  As  an  alter¬ 
native,  we  use  in  the  present  study  the  method  of  measurement  of 
the  electrokinetic  figure-of-merit  (fe),  from  three  independent 
transport  coefficients.  The  method  is  fully  equivalent  to  the 


measurement  of  the  thermoelectric  figure-of-merit,  that  is  the  gold 
standard  for  assessing  the  goodness  of  materials  for  thermoelectric 
energy  conversion  [41].  The  advantage  is  that  if  proper  experi¬ 
mental  conditions  are  fulfilled,  the  assessment  of  the  conversion 
efficiency  is  intrinsic  to  the  material  and  independent  of  e.g.  elec¬ 
trode  contact  resistance. 

From  the  phenomenological  transport  equations  and  Onsager 
relations  it  can  be  shown  [1,9]  that  the  first  law  efficiency  defined 
for  the  electrokinetic  conversion,  ijek,  increases  with  /?EK  through 
the  relation  ??EI<  =  [(1  +  /?EK)1/2  -  1]/[(1  +  fe<)1/2  +  1],  where 
(jEk  —  [(LpvL^/L^Lfa)  -  1]_1  and  Ly  are  phenomenological  trans- 
port  coefficients.  /?Ei<  can  be  evaluated  by  measuring  transport 
properties  that  contain  the  cross  coupling  transport  coefficient  LV0 
e.g.  electroosmotic  pressure,  streaming  current,  streaming  poten¬ 
tial  coefficient  etc.  together  with  the  conductivity  terms  Lvv  and  L 

1. e.  hydraulic  permeability  and  ion  conductivity.  Using  the 
streaming  potential  coefficient  (v)  together  with  the  hydraulic 
permeability  (/cH)  and  ion  conductivity  O),  results  in  /?EK  =  ^2  (j//ch 
(the  reader  is  referred  to  Ref  [32]  for  a  more  detailed  discussion). 
We  have  chosen  to  evaluate  /?Ei<  from  v  since  this  transport  coeffi¬ 
cient  is  an  intensive  variable  that  is  relatively  easy  to  correct  for 
concentration  polarization  effects  and  is  measured  with  good 
accuracy. 

It  is  noted  that  in  /?EK  =  ^2  (j//ch,  the  membrane  geometry  is 
present  in  both  the  numerator  (a)  and  denominator  (kh)  and  can¬ 
cels  out  leaving  /?EK  as  an  intensive  variable.  Hence  errors  in  the 
measurement  of  the  membrane  geometry  do  not  influence  the 
evaluation  of  /?EK  provided  that  all  measurements  are  done  in  the 
same  electrochemical  cell. 

To  the  best  of  our  knowledge,  the  current  work  is  the  first 
designated  study  of  electrokinetic  energy  conversion  in  highly 
charged  ion  conducting  membranes  in  the  literature.  An  experi¬ 
mental  characterization  of  the  transport  properties  including  ion 
conductivity,  streaming  potential  coefficient  and  hydraulic 
permeability  of  Nation  membranes  in  LiCl  solutions  is  presented. 

2.  Experimental 

A  membrane  sheet  (30  cm  x  30  cm)  of  Nation  117  was  bought 
from  Ion  Power  Inc.  The  membrane  potential  and  water  uptake 
were  measured  for  the  general  characterization  of  the  membrane. 
For  the  determination  of  /?Ei<  the  streaming  potential  coefficient,  ion 
conductivity  and  hydraulic  permeability  have  been  measured. 
These  measurements  were  all  conducted  in  the  same  electro¬ 
chemical  cell  and  with  the  same  membrane  sample.  The  membrane 
potential  and  water  uptake  have  been  measured  on  different 
samples  from  the  same  membrane  sheet.  Before  use,  the  mem¬ 
brane  pieces  were  pretreated  by  heating  it  up  in  demineralized 
water  until  boiling.  The  membrane  was  then  transferred  to  a  0.05  M 
sulfuric  acid  solution  at  ~90  °C,  where  it  was  kept  for 
10  min  followed  by  thorough  washing  in  warm  demineralized 
water  ( ~70  °C).  After  pretreatment  the  membrane  was  stored  in  a 
0.1  M  LiCl  solution  until  use.  All  measurements  of  the  transport 
coefficients  {v}  a  and  kh)  have  been  performed  in  0.03  M  LiCl  so¬ 
lutions  and  before  use  the  membrane  was  rinsed  in  0.03  M  LiCl  to 
avoid  an  increase  of  the  LiCl  concentration  in  the  electrochemical 
measurement  cell. 

The  membrane  potential  was  measured  in  a  concentration  cell, 
consisting  of  two  identical  Teflon  chambers,  separated  by  the 
membrane  with  an  active  area  of  0.785  cm2.  In  the  experiments  the 
two  chambers  were  filled  with  LiCl  solutions  with  a  concentration 
ratio  of  1:2  and  magnetically  stirred  at  1500  rpm  to  minimize  the 
effect  of  concentration  polarization.  Two  salt  bridges,  28  wt%  KC1 
and  1.5%  Agar  (Select  Agar,  Sigma  Aldrich),  were  mounted  between 
the  cells  and  two  KCl  saturated  solutions  in  which  the  Ag/AgCl 
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electrodes  (reference  electrodes,  Schott)  were  placed  to  measure 
the  membrane  potential. 

The  water  uptake  was  determined  gravimetrically  comparing  the 
Nafion  sample  weight  before  and  after  the  polymer  was  soaed  in  0.1  M 
LiCl  solution  for  at  least  24  h.  It  is  worth  to  note  that  the  dry  mass  of  the 
samples  was  measured  after  a  drying  procedure  performed  in  a 
recirculating  oven  at  50  °C.  As  known  from  the  literature  this  proce¬ 
dure  did  not  allow  the  complete  removal  of  the  H2O  absorbed  by  the 
perfluorosulfonic  acid  ionomeric  membranes  from  the  water  mois¬ 
ture  present  in  the  atmosphere,  due  to  the  high  interaction  between 
the  sulfonic  groups  and  H20  molecules  [42,43  .  As  a  consequence  the 
measured  uptake,  expressed  as  A  =  0/S03_  could  be  an  under¬ 

estimation  of  the  real  solubility.  The  membrane  thickness  in  both  the 
dry  and  swelled  state  was  measured  by  means  of  a  digital  micrometer 
(Diesella,  resolution  1  pm). 

The  electrodes  used  for  measuring  v  and  a  were  made  from 
>99.99%  Ag  wire  with  0.25  mm  diameter  purchased  from  Sigma 
Aldrich  using  a  procedure  adopted  from  Ref.  [44].  The  Ag/AgCl 
electrodes  were  prepared  by  polishing  the  as-received  silver  wire 
with  fine  sandpaper  to  remove  impurities.  The  Ag  wire  was  then 
dipped  in  concentrated  nitric  acid  (  —  68%)  for  10  s  then  immedi¬ 
ately  dried.  After  the  cleaning  procedure,  the  Ag  wire  was  elec¬ 
troplated  in  a  0.05  M  KC1  solution  with  a  current  density  of 
1  mA  cm-2  for  approximately  25  min,  which  resulted  in  electrodes 
containing  about  2.5  mol%  AgCl.  After  electroplating  the  electrodes 
were  stored  in  a  0.03  M  LiCl  solution  for  at  least  24  h  in  a  dark  and 
oxygen-free  environment.  All  solutions  used  for  making  the  elec¬ 
trodes  were  purged  with  argon  before  use. 

The  electrochemical  cell  for  the  measurement  of  v,  a  and  kh  is 
schematically  shown  in  Fig.  1.  For  the  streaming  potential  and  hy¬ 
draulic  permeability  measurements  Series-96705  pressure  sensors 
(0-20  bar)  from  AB  Elektronik  Sachsen  GmbFI  were  connected 
through  the  ports  7  and  8,  pressure  was  generated  through  port  6 
with  pressurized  argon  gas  and  the  solute  flux  through  the  mem¬ 
brane  exits  the  cell  through  port  1.  Ag/AgCl  electrodes  were  inser¬ 
ted  through  port  2  and  5  and  connected  to  a  National  Instruments 
NI-9219  card  (NI-9219).  Fine  grid  stainless  steel  support  material  on 
the  low-pressure  side  prevents  the  membrane  from  deformation 
while  under  stress  due  to  the  applied  pressure  difference.  If  a  fine 
grid  support  coated  with  PTFE  is  used,  it  becomes  too  hydrophobic 
and  very  difficult  to  wet,  hence  altering  the  experimental  results.  In 
any  case,  the  potential  difference  across  the  support  is  so  low  that 
no  electrochemical  reactions  are  induced.  In  this  setup  the  active 
membrane  surface  area  is  2.54  cm2. 

The  instrumentation  for  the  measurement  of  hydraulic  perme¬ 
ability  was  the  same  as  for  the  streaming  potential;  in  this  case  the 


8 


Fig.  1.  Drawing  of  the  electrochemical  cell  used  for  the  measurement  of  v,  a  and  /cH. 
The  active  area  of  the  membrane  is  2.54  cm2. 


volume  flow  through  the  membrane  was  measured  from  the 
movement  of  the  meniscus  in  a  capillary  with  an  inner  diameter  of 
0.75  mm  mounted  in  port  1. 

The  ion  conductivity  was  measured  with  a  four-point  probe 
method.  Ion  current  was  generated  with  Ag/AgCl  electrodes  con¬ 
nected  through  port  2  and  5  with  an  Agilent  U2722A  Source 
Measure  Unit.  The  potential  difference  was  measured  with  Ag/AgCl 
electrodes  connected  through  port  3  and  4  with  an  NI-9219  card. 
The  electrodes  are  located  in  small  chambers  with  approximate  size 
2x2x2  mm  connected  by  narrow  channels  (0.5  mm  width  and 
0.5  mm  depth)  to  the  large  main  compartments.  The  small  cham¬ 
bers  and  channels  are  in  direct  contact  with  each  side  of  the 
membrane  surface.  This  setup  is  similar  to  a  four-point  probe  with 
Flaber-Luggin  capillaries,  however,  with  the  current  setup  it  is 
possible  to  measure  the  potential  difference  very  close  to  the  sur¬ 
face  of  the  membrane,  hence  the  potential  drop  due  to  solution 
resistivity  is  minimized  and  no  correction  has  been  applied.  During 
the  ion  conductivity  measurements  the  membrane  support  was 
removed. 

Unless  otherwise  stated  all  measurements  were  performed  with 
stirring  in  order  to  minimize  concentration  polarization  effects.  All 
data,  except  volume  flow,  has  been  recorded  continuously  with 
Labview  SignalExpress  at  1.95  Hz  and  at  room  temperature 
(22  °C  ±  1  °C). 

3.  Results 

3.1.  Membrane  potential  and  water  uptake 

The  dry  membrane  had  a  thickness  (Ax)  of  - 183  pm  while  in 
the  0.03  M  LiCl  solution  Ax  was  approximately  201  pm.  This  latter 
value  was  used  in  the  calculation  of  the  extensive  transport  pa¬ 
rameters  a  and  xH. 

The  water  uptake  was  found  to  be  0.33  g  water/dry  membrane 
corresponding  to  A  =  20.1  water  molecules  per  S03~  group,  taken 
as  an  average  of  4  different  measurements:  this  value  is  in  good 
agreement  with  A  =  20.0  ±  0.3,  22.3  and  18.2  found  for  thermally 
pretreated  Nafion  membranes  in  Li+  form  by  Evans  et  al.  (Nafion 
117)  [45],  Steck  and  Yeager  (Nafion  120)  [46]  and  Gierke  and  Hsu 
(Nafion  120)  [47],  respectively.  However,  there  is  a  certain  degree  of 
uncertainty  associated  with  the  water  uptake  in  Nafion  membranes 
in  Li+  form  since  in  the  literature  are  reported  values  of  A  =  16.5 
(Nafion  117)  [48]  and  24.2  (Nafion  115)  [49]. 

The  membrane  potential  was  measured  in  solutions  with  con¬ 
centration  of  0.01/0.02  M,  0.1 /0.2  M  and  1.0/2.0  M  LiCl.  Nafion 
showed  membrane  potentials  close  to  the  theoretical  limit  for  the 
two  most  dilute  solutions  (16.3  and  16.4  mV  for  0.01/0.02  and  0.1/ 
0.2  M  LiCl  respectively)  while  a  slight  decrease  with  respect  to 
theoretical  limit  was  observed  for  1.0/2.0  M  solution  (12.3  mV).  The 
membrane  potentials  were  converted  into  cation  transport 
numbers  [50]  and  the  theoretical  upper  limit  values  calculated  by 
using  the  activity  coefficients  found  in  Ref.  [51].  In  the  presence  of 
dilute  solutions  the  calculated  transport  numbers  were  0.98  and 
0.99  resulting  in  a  high  permselectivity  of  the  Nafion  membrane. 

3.2.  Hydraulic  permeability 

Fig.  2  shows  the  data  for  the  determination  of  the  hydraulic 
permeability  of  the  Nafion  membrane.  The  upper  panel  of  Fig.  2 
shows  the  volume  (V/A)  conducted  through  the  membrane  per 
unit  of  membrane  surface  area  as  function  of  time.  To  investigate 
the  effect  of  concentration  polarization  a  few  measurements 
without  stirring  in  the  cell  are  also  included  in  the  plot.  In  all  ex¬ 
periments  V/A  had  a  non-linear  time  dependence  for  t  <  300— 
600  s  and  to  the  limit  of  the  resolution  of  the  data  V/A(t)  becomes 
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linear  for  larger  times.  Similar  observations  are  reported  in  litera¬ 
ture  [52,53]. 

The  major  part  of  the  non-linear  effect  is  non-intrinsic  and 
related  to  mechanical  movement  of  membrane  and  membrane 
holder  whenever  the  pressure  was  applied.  This  stabilizes  on  a 
timescale  of  the  order  a  few  seconds.  Still,  after  this  stabilization 
there  is  a  non-linear  effect  that  continues  up  t  <  300-600  s.  The 
effect  is  relatively  larger  for  low  pressures.  It  could  be  related  to 
concentration  polarization  effects,  but  additional  data  (not  shown) 
indicates  that  the  effect  is  independent  of  stirring.  Alternatively,  it 
is  our  hypothesis  that  this  could  be  related  to  some  mechanical 
relaxation  or  strain  of  the  membrane  whenever  pressure  is  applied, 
with  a  timescale  of  the  order  of  a  few  minutes.  The  effect  has  also 
been  observed  in  the  streaming  potential  measurements  as  shown 
later. 

The  volume  flux  (jv)  are  determined  from  linear  fits  of  V/A(t)  in 
the  linear  region  and  are  shown,  as  function  of  pressure  difference 
across  the  membrane  ( Ap ),  in  the  lower  panel  of  Fig.  2.  The  hy¬ 
draulic  permeability  is  determined  from  linear  fits  between  jv  and 
Ap  constrained  to  pass  through  the  origin  and  normalized  with 


Fig.  2.  The  upper  panel  shows  the  total  volume  conducted  through  the  membrane  per 
unit  area  as  function  of  time  (t)  at  different  pressure  differences  (Ap).  Straight  lines  are 
linear  fits  of  data  in  the  linear  region  where  the  slopes  define  the  volume  flux  per  unit 
area.  The  lower  panel  shows  the  volume  flux  as  function  of  pressure  difference  (Ap). 
The  hollow  and  solid  data  points  are  recorded  without  and  with  stirring  in  the  cell, 
respectively.  The  straight  lines  are  linear  fits  to  the  data  points  constrained  to  pass 
through  the  origin. 


respect  to  the  membrane  thickness.  Three  different  experimental 
conditions  were  tested;  (i)  with  stirring,  (ii)  without  stirring  for  the 
membrane  in  0.03  M  LiCl  and  (iii)  with  stirring  in  pure  water  using 
a  membrane  in  H+  form  (iii).  The  corresponding  experimental  hy¬ 
draulic  permeabilities  were  kh  =  3.1  10-17,  2.1  10-17  and 
5.6  10-17  m2  Pa-1  s-1,  respectively. 

As  expected  the  highest  /cH  is  found  in  pure  water  with  a 
membrane  in  H+  form.  Here  concentration  polarization  effects  are 
absent  and  the  electroviscous/dragging  effects  are  diminished  since 
the  water  transport  number  of  H+  is  almost  an  order  of  magnitude 
lower  than  that  of  Li+  [54].  At  the  same  time  the  water  uptake  of 
Nation  on  the  H+  and  Li+  are  very  similar  [45  ,  which  means  that 
the  pore  size  is  unaltered  in  the  two  forms.  In  further  agreement 
with  expectations  the  lowest  /ch  is  observed  in  the  experiment  (ii) 
without  stirring  where  concentration  polarization  effects  contrib¬ 
utes  to  the  hydraulic  resistance. 

/ch  has  also  been  determined  on  different  Nation  membrane 
samples  (data  not  shown),  different  electrolyte  solutions  (e.g.  NaCl) 
and  also  on  a  different  experimental  setup  than  the  one  used  in  the 
present  study.  In  all  measurements  of  kh  were  in  the  same  range  as 
the  above  values  (2.1  10  17  m2  Pa-1  s_1— 5.6  10  17  m2  Pa-1  s-1). 

Values  of  ach  for  Nation  117  in  the  literature  [45,52,53]  varies  up 
to  two  orders  of  magnitude  from  approximately 
0.2  10  17  m2  Pa-1  s-1  to  20  10~17  m2  Pa-1  s-1  and  even  larger  if 
Nation  117  membranes  without  pretreatment  are  included  in  the 
comparison  [45].  This  variation  is  much  larger  than  what  can  be 
expected  from  electroviscous  effects  and  different  electrolyte  so¬ 
lutions.  Evans  et  al.  showed  [45]  that  heat  and  chemical  pretreat¬ 
ment  of  Nation  membranes  affect  /cH  by  up  to  an  order  of  magnitude 
and  that  /ch  increased  with  the  water  content.  Still,  this  phenome¬ 
non  cannot  explain  the  different  values  reported  in  the  literature, 
and  we  note  that  /ch  systematically  decreases  with  the  applied 
pressure,  i.e.  the  measurements  of  Villaluenga  et  al.  [52,53]  and 
Evans  et  al.  [45]  were  performed  in  the  range  0.3— 0.8  bar  and  50- 
150  bar,  respectively,  while  the  measurements  reported  in  the 
present  work  are  performed  in  the  range  in  the  range  0.6-3. 0  bar. 
This  variation  with  pressure  could  possibly  be  related  to  differences 
in  mechanical  relaxation  or  strain  of  the  membrane  whenever 
pressure  is  applied,  however,  a  systematic  study  of  these  phe¬ 
nomena  is  outside  the  scope  of  the  present  work.  In  any  case  and 
irrespective  of  the  mechanism  behind  the  differences  we  are 
confident  with  respect  to  the  accuracy  of  /ch  in  our  measurements. 

3.3.  Streaming  potential 

Initially  the  stability  of  the  electrodes  in  the  measurement  cell 
was  determined.  As  an  example  Fig.  3  shows  the  potential  (0)  as 
function  of  time  in  the  measurement  cell  with  a  membrane  inser¬ 
ted  without  pressure  applied.  It  is  seen  that  the  electrodes  are  very 
stable  over  several  hours  and  the  drift  rate  is  less  than  5  pV  h-1. 

The  streaming  potentials  have  been  determined  experimentally 
by  two  different  methods.  In  the  first,  stirring  has  been  applied  to 
the  cell  during  the  measurement  in  order  to  minimize  the  effects  of 
concentration  polarization  phenomenon.  An  example  of  these  ex¬ 
periments  is  shown  in  Fig.  4,  that  plots  the  potential  (0)  as  function 
of  time  with  a  trans-membrane  pressure  difference  of  0.6  bar.  After 
a  sharp  increase  when  pressure  is  applied,  0  decreases  slowly  with 
time  reaching  a  constant  value  after  approximately  600  s.  We 
anticipate  this  decrease  to  be  related  to  the  nonlinear  volume  flow 
for  t  <  300-600  as  discussed  in  the  previous  section.  However,  due 
to  the  slow  data  sampling  rate  in  the  hydraulic  permeability  mea¬ 
surements  it  is  not  possible  to  make  definite  experimental  proof  of 
this.  A  similar  effect  was  observed  when  the  pressure  difference 
across  the  membrane  was  removed,  here  the  stabilization  of  0 
occurs  on  the  timescale  500-1500  s.  Since  the  electrodes  in  the 
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Fig.  3.  Example  of  the  electrode  stability  in  the  measurement  cell.  The  plot  shows  the 
potential  (0)  as  function  of  time  (t),  that  drift  less  than  5  |iV  h-1. 

measurement  cell  drift  less  than  5  pV  h_1,  when  it  is  left  undis¬ 
turbed  for  many  hours,  we  suggest  that  this  is  due  to  mechanical 
relaxation  effects  of  the  membrane  back  to  the  state  where  no 
stress  is  applied. 

As  mentioned  earlier  this  effect  was  relatively  smaller  when 
pressure  was  increased.  For  measurements  conducted  at  >1.5  bar 
the  effect  was  much  less  pronounced  and  0  stabilized  faster  with 
time.  This  is  indicated  in  Fig.  5  which  shows  a  measurement  with  a 
3  bar  trans-membrane  pressure  difference.  When  stirring  is  turned 
on  after  200  s,  0  stabilized  within  60  s,  meaning  that  no  relaxation 
effects  are  observed  (at  least  after  260  s). 

In  any  case  the  streaming  potential  was  determined  from  values 
of  0  after  it  has  stabilized  as  indicated  by  0 h  and  0l  used  for 
determination  of  J0  =  0h  -  0l  in  Fig.  4. 


Fig.  4.  Example  of  streaming  potential  measurement  with  stirring  in  the  cell.  At  t  =  0  s 
a  pressure  difference  of  0.61  bar  was  applied.  The  potential  (0)  increases  to  about  1  mV 
in  a  few  seconds  and  decreases  slowly  within  approximately  600  s  to  a  constant  value 
of  about  0.92  mV.  At  t  ~  2700  s  the  pressure  difference  across  the  membrane  is 
removed  and  0  decreases  rapidly  within  a  few  seconds  to  a  value  of  0.69  mV  followed 
by  a  slowly  decrease  to  a  constant  value  of  approximately  0.59  mV.  The  potential 
difference  (Zl0)  between  the  high  (0H)  and  low  (0L)  values  are  used  for  calculating  the 
streaming  potential  coefficient  v  =  J0/Jp.  The  relatively  large  noise  (0rms  ~  10  pV)  is 
generated  by  the  electromagnetic  stirrers. 


Fig.  5.  Example  of  streaming  potential  measurement  initially  without  stirring  and 
stirring  turned  on  at  t  ~  200  s.  At  t  ~  30  s  a  trans-membrane  pressure  difference  of 
3.0  bar  is  applied.  The  potential  (0)  increases  rapidly  to  a  value  of  approximately 
1.6  mV  in  about  a  second,  followed  by  a  slower  increase  with  time.  At  t  ~  200  s  the 
stirring  is  turned  on  and  0  decreases  rapidly  to  a  constant  value  of  approximately 
1.8  mV.  The  difference  (Acj))  between  the  high  (0H)  and  low  (0L)  values  are  used  for 
calculating  the  streaming  potential  coefficient  v  =  Acfr/Ap  when  the  concentration 
polarization  layer  is  diminished.  The  inset  shows  the  same  data  but  as  function  of  Vt 
up  to  t  ~  200  s,  where  stirring  is  applied.  The  RMS  value  of  the  noise  level  when 
stirring  is  turned  off  is  approximately  0RM s  ~  1  I^V. 

The  second  method  for  the  determination  of  the  streaming 
potential  has  been  developed  and  theoretically  described  by  Okada 
et  al.  [55].  In  this  method  the  streaming  potential  is  measured  with 
no  stirring  and  an  undisturbed  concentration  polarization  layer  is 
allowed  to  build  up.  The  transport  of  ions  in  and  out  of  the 
boundary  layer  is  in  this  case  due  to  diffusion  only,  and  the  time 
dependence  of  the  streaming  potential  can  be  described  by: 
d0(t)  =  vAp  +  AVt,  in  which  the  Vt  increase,  is  the  characteristic 
time-dependence  for  diffusion-limited  processes.  The  constant  A  is 
dependent  on  the  hydraulic  permeability,  diffusion  coefficient  of 
the  salt  and  transport  numbers  of  the  ions  in  solution  and  mem¬ 
brane  [55].  In  the  present  study  we  use  the  time  dependence  to 
extrapolate  0(t)  to  t  =  0  where  the  concentration  polarization  layer 
is  not  built  up,  hence  the  streaming  potential  without  concentra¬ 
tion  polarization  can  be  determined. 

Fig.  5  shows  an  example  of  a  measurement  of  0(t)  in  the  cell 
without  initial  stirring.  When  the  pressure  difference  Ap  =  3.0  bar 
is  applied  0(t)  increases  rapidly  followed  by  a  slower  increase.  The 
inset  shows  the  same  data  but  only  in  the  time  span  where  no 
stirring  is  present  and  as  function  of  Vt.  A  linear  relation  is  seen  and 
0  can  be  extrapolated  to  t  =  0  where  0H  =  1681  pV.  Combined  with 
the  0l  =  660  pV,  d0  =  0 H  -  0l  is  determined  to  1021  pV  for  the 
measurement  without  stirring. 

In  order  to  test  if  a  measurement  with  stirring  reproduces  this 
streaming  potential,  stirring  is  applied  after  approximately  200  s 
and  0(t)  decreases  to  a  constant  value  after  approximately  60  s. 
Again  with  reference  to  Fig.  5  it  is  seen  that  0(t)  reaches  a  constant 
value  (0H)  of  1820  pV  after  approximately  60  s  resulting  in 
Acj)  =  1160  pV.  In  this  specific  measurement  the  two  values  of  d0 
obtained  by  two  different  methods  vary  approximately  12%. 

In  Fig.  6  all  streaming  potential  measurements  are  plotted  as  d0 
versus  Ap.  For  both  the  direct  measurement  of  the  streaming  po¬ 
tential  (with  stirring)  and  the  indirect  (without  stirring)  a  good 
linear  relationship  is  seen  at  higher  pressures.  At  lower  pressures 
Acj)  varies  systematically  from  the  linear  relationship  and  it  is  sug¬ 
gested  that  this  deviation  is  either  directly  related  to  mechanical 
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Fig.  6.  Potential  differences  (J0)  from  streaming  potential  measurements  as  function 
of  pressure  differences  ( Ap ).  Examples  of  how  Af  is  found  experimentally  is  shown  in 
Figs.  4  and  5.  The  two  data  points  denoted  as  examples  are  the  ones  from  Fig.  5  and  are 
included  for  completeness.  The  other  the  data  points  were  recorded  in  a  separate 
measurement  and  used  for  the  determination  of  the  streaming  potential  coefficient. 
Straight  lines  are  linear  fits,  constrained  to  pass  through  the  origin,  to  obtain  the 
streaming  potential  coefficient  v  =  Af\Ap.  The  potential  difference  (J0)  between  the 
high  (0H)  and  low  (0L)  values  are  used  for  calculating  the  streaming  potential. 


relaxation  effects  of  the  membrane  or  due  to  systematic  measure¬ 
ment  errors  because  of  this  effect. 

In  any  case  the  streaming  potential  coefficient  is  determined 
from  a  linear  fit  constrained  to  pass  through  the  origin  and  to  data 
points  in  the  linear  region  above  1.5  bar  and  find  v  =  390  pV  bar-1 
and  382  pV  bar-1  for  the  measurements  with  and  without  stirring, 
respectively. 

To  the  best  of  our  knowledge,  only  one  work  56]  on  the 
streaming  potential  of  Nation  117  membranes  in  (0.03  M)  LiCl  so¬ 
lutions  has  been  reported  in  literature.  In  Ref.  [56]  v  is  reported  in 
terms  of  the  water  transport  number  (tw)  which  corresponds  to  v 
approximately  295  pV  bar-1.  Furthermore,  electroosmosis  mea¬ 
surements  [57]  on  Nation  117  membranes  in  0.01  M  LiCl  results  in 
v  ~  245  pV  bar-1  assuming  that  the  Saxen  relation  between  elec¬ 
troosmosis  and  streaming  potential  holds.  All  three  values  are  of 
similar  magnitude  and  we  attribute  the  differences  to  be  a  com¬ 
bination  of  membrane-batch  dependence  and  differences  in  the 
pretreatment  of  the  membranes. 


3.4.  Ion  conductivity 

Fig.  7  shows  the  experimental  results  for  the  determination  of  the 
ion  conductivity  of  the  Nation  membrane.  The  upper  panel  is  an 
example  of  raw  data  from  a  measurement  where  a  current  (/)  is  passed 
through  the  membrane  while  the  potential  (0)  difference  between  the 
two  electrodes  on  each  side  of  the  membrane  is  measured.  When  the 
current  is  applied  it  reaches  a  steady  state  value  within  milliseconds. 
The  corresponding  potential  difference  between  the  two  electrodes 
goes  from  a  low  offset  value  (00,  of  the  order  20  pV-100  pV,  up  to  a 
high  value  (0H)  in  milliseconds  and  on  the  same  timescale  as  the 
current.  This  is  followed  by  a  slower  increase  with  time  and  we 
associate  the  potential  difference  J0  =  0H  -  0 l  with  the  intrinsic 
membrane  resistance  and  a  small  contribution  from  the  electrolyte 
solution  in  the  near  vicinity  of  the  surface.  The  slow  increase  is 
attributed  to  concentration  polarization  effects. 

The  lower  panel  of  Fig.  7  shows  d0  as  function  of  I.  From  a  linear 
fit  constrained  to  pass  through  the  origin  a  resistance  of  0.33  O  is 


Fig.  7.  Upper  panel:  example  of  the  potential  difference  (Af)  between  the  high  (0  H) 
and  low  (0L)  generated  when  an  ion  current  is  passed  through  the  membrane.  0P  is  the 
effect  of  concentration  polarization.  Lower  panel:  potential  differences  (Af)  from 
conductivity  measurements  as  function  of  current  (/).  The  straight  line  is  a  linear  fit, 
constrained  to  pass  through  the  origin. 


found  and  corresponds  to  a  membrane  ion  conductivity  of 
2.36  S  rrr1. 

This  value  is  in  good  agreement  with  literature  values  of  a 
measured  in  LiCl  solutions  that  are  approximately  3  S  m-1  [54]  and 
1.61  S  m-1  [58].  In  three  other  studies  somewhat  lower  values  have 
been  found  1.25  S  m-1  [59],  0.75  S  m-1  [48]  and  0.6  S  m-1  [4]. 
However,  in  the  first  two  works  the  relatively  low  water  uptake 
could  explain  the  lower  cr;  X  ~  9-11  [59]  and  X  =  16.5  [48], 
respectively.  This  should  be  compared  to  approximately  X  =  20 
found  by  Evans  et  al.  for  heat  pretreated  membranes  [45]  and 
X  =  20.1  for  the  membrane  in  the  present  study.  In  the  third  work 
[4],  the  membrane  is  presumably  not  heat-  or  pre-treated  since  no 
information  about  conditioning  is  mentioned  by  the  authors. 
Standardized  pretreatment  is  necessary  in  order  to  obtain  high  and 
reproducible  ion  conductivity  measurement  [58],  and  the  reason 
for  the  relatively  lower  conductivity  is  most  probably  related  to  the 
lower  water  content  and  differences  in  membrane  conditioning. 

4.  Discussion 

The  main  objective  of  the  current  study  is  the  estimation  of  the 
electrokinetic  energy  conversion  efficiency  in  Nation  membranes. 
The  operating  conditions  during  energy  conversion  depend 
strongly  on  the  mechanical  setup  of  a  specific  energy  conversion 
device.  In  general  it  can,  however,  be  arranged  in  a  stack  with 
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anion/cation  cell  pairs  similar  to  that  of  electrodialysis  or  a  heat 
energy  conversion  devices  [60],  here  the  resistivity  of  the  electro¬ 
lyte  solution  in  the  spacing  between  the  membranes  must  be 
included  in  calculations  of  the  efficiency,  this  can  however,  be 
reduced  by  strong  electrolyte  solutions  and  short  spacing  between 
membranes  compared  to  the  membrane  thickness. 

Alternatively,  an  electrokinetic  energy  conversion  device  can  be 
arranged  with  a  single  membrane  with  electrodes  on  the  surface  on 
each  side  of  the  membrane.  Here  only  a  cation  or  an  anion 
conductive  membrane  is  required.  During  operation  in  both  ar¬ 
rangements  there  will  be  some  level  of  concentration  polarization 
at  the  membrane  surface.  This  can  be  partially  diminished  with 
convection/stirring.  Thus,  even  if  the  intrinsic  membrane  transport 
properties  can  be  measured  and  the  figure-of-merit/conversion 
efficiency  calculated,  the  actual  efficiency  will  depend  on  the 
operating  conditions  and  the  degree  of  concentration  polarization. 

In  the  following  an  estimate  of  the  electrokinetic  figure-of-merit 
(0EK  =  v2-g\k h)  and  energy  conversion  efficiency  is  made.  Table  1 
summarizes  all  of  the  measured  transport  properties  of  Nation  at 
0.03  M  LiCl  measured  in  the  different  experiments.  With  respect  to 
energy  conversion  the  most  realistic  operating  conditions  are  the 
ones  in  which  stirring  is  applied.  Both  the  hydraulic  permeability 
and  streaming  potential  coefficient  have  been  determined  with 
stirring  and  are  reported  in  Table  1  without  parenthesis. 

With  respect  to  the  ion  conductivity  the  experimental  setup  is 
not  suitable  for  measuring  the  effects  of  stirring  on  the  potential 
difference  across  the  membrane  (0p)  due  to  concentration  polari¬ 
zation.  However,  it  has  been  shown  [61  ]  that  0 p  below  the  limiting 
current  density  in  the  steady  state  is  proportional  to  the  thickness 
of  the  polarization  layer  (tp).  Stirring  effectively  reduces  tp  as  seen 
from  e.g.  the  streaming  potential  measurements  (Fig.  5).  Experi¬ 
mental  data  show  [62  that  tp  is  reduced  a  factor  of  approximately 
five  when  stirring  is  applied.  If  it  is  assumed  to  be  the  case  here  too 
0 p  will  be  reduced  accordingly.  For  the  measurement  with  /  =  1  mA 
0 p  will  only  be  a  fraction  of  d0  ~  300  pV  which  is  used  in  the 
calculation  of  the  membrane  resistance.  Thus,  concentration  po¬ 
larization  in  a  setup  with  stirring  will  decrease  the  total  ion  con¬ 
ductivity  of  the  membrane  and  polarization  layers  approximately 
5—10%  compared  to  the  intrinsic  ion  conductivity  of  the  membrane. 

Table  1 

Summary  of  the  measured  transport  coefficients  of  Nafion  in  0.03  M  LiCl.  The 
electrokinetic  figure  of  merit  ((0Ei<)  is  estimated  from  the  values  of  the  hydraulic 
permeability  (/cH),  streaming  potential  coefficient  (v)  and  ion  conductivity  (a)  that 
are  outside  the  parenthesis. 


Transport 

coefficient 

Value 

Comment 

kh  (m2  s-1  Pa-1) 

3.1-lCT17 

Concentration  polarization 
diminished  (stirring) 

(2.1 -lO"17) 

With  undisturbed  concentration 
polarization  (no  stirring) 

(5.6-10-17) 

Pure  water  H+  form,  no  electrolyte 
(stirring) 

v  (|iV  bar 

390 

Concentration  polarization  diminished 
(stirring) 

(382) 

Intrinsic 

a  (S  m-1) 

2.36 

Intrinsic  at  t  =  0 

Pek 

1.2  ±  0.2 

17.5%  estimated  experimental  error 
(based  on  propagation  of  experimental 
errors  of  /cH,  v  and  a  estimated  to  be 

7.5%,  7.5%  and  5%,  respectively). 

1.1  ±  0.2 

The  first  value  is  based  on  the  intrinsic 
a  =  2.36  S  m-1,  the  second  value  is  based 
on  estimated  a  =  2.15  S  m-1  that  includes 
concentration  polarization 

Vek  (%) 

20  ±  2 

Based  on  the  intrinsic  a  =  2.36  S  m-1 

18  ±2 

Based  on  estimated  a  =  2.15  S  m-1 
that  includes  concentration  polarization 

Another  issue  that  needs  to  be  considered  is  the  effect  of  the 
concentration  polarization  due  to  a  pressure  gradient  on  the  ion 
conductivity.  Concentration  polarization  effects  due  to  an  ion  cur¬ 
rent  and  a  volume  flux  are  phenomenologically  equivalent  and  only 
depend  on  the  average  salt/ion  velocity  relative  to  the  solvent.  The 
average  ion  velocity/drift  velocity  (v<f)  during  an  electrical  con¬ 
ductivity  measurement  can  be  found  from  (J  =  vd-p-n),  where  j  is 
the  current  density,  n  ~  0.4  is  the  porosity  estimated  from  the 
water  uptake  and  p  ~  9.6*  107  C  m”3  is  the  volumetric  charge 
density  and  is  determined  from  the  ion  exchange  capacity 
assuming  that  the  cation  transport  number  is  unity,  which  is 
experimentally  verified  by  the  membrane  potential  measurement. 
For  the  ion  conductivity  measurement  with  an  applied  current  of 
1  mA  Vd  =  8.3 ‘lO”8  m  s”1  for  Li+  is  found. 

The  average  velocity  of  the  solvent  (vs)  through  the  membrane  is 
the  volume  flux  (jv)  divided  by  the  porosity  of  the  membrane  and 
find  vs  =  7.8  -10”8  m  s”1  for  a  trans-membrane  pressure  of  2  bar. 
This  value  is  approximately  the  same  as  vd,  meaning  that  the 
average  solvent  (water)  velocity  is  the  same  as  average  ion  velocity 
in  the  two  different  experiments.  Thus,  the  concentration  polari¬ 
zation  measured  during  ion  conductivity  measurements  are 
approximately  the  same  as  it  would  be  under  electrokinetic  energy 
conversion  conditions  with  a  pressure  difference. 

Using  the  intrinsic  value  of  a  together  with  the  values  of  v  and 
kh,  fe  =  1.2  is  found,  we  estimate  the  experimental  uncertainty  of 
j^ek  to  be  17.5%  (see  Table  1  for  more  details).  This  corresponds  to 
t/ek  =  20%  ±  2%.  Still  if  a  more  conservative  value  of  a  that  includes 
estimated  concentration  polarization  during  operation  is  used 
(2.15  S  nfr1)  /?ek  =  1.1  and  corresponds  to  7Jei<  =  18%  ±  2%.  Thus,  the 
tjek  found  for  Nafion  in  the  present  study  is  significantly  larger  than 
any  experimental  results  on  electrokinetic  energy  conversion  effi¬ 
ciency  in  nano-pores  and  uncharged  membranes  reported  [12,28- 
32].  We  anticipate  this  value  of  tjEk  to  be  realistic  and  can  be  ob¬ 
tained  experimentally  in  a  generator  where  a  Nafion  membrane  is 
in  close  contact  with  reversible  electrodes  on  each  side. 

Power  densities  (P/A)  for  electrokinetic  energy  conversion  may 
be  approximated  from  the  work  produced  per  unit  time  and  per 
unit  area  by  the  liquid  in  the  membrane,  P/A  =  Kultm-Ap2.  Using 
kh  =  3.1  HO-17  m2  s”1  Pa”1  and  tm  ~  200  pm  for  a  swollen  Nafion 
membrane  and  assuming  a  pressure  difference  Ap  =  10  bar  gives  P/ 
A  ~  1.6*  10”5  W  cm”2  that  is  converted  to  P/A  ~  0.31  *10”5  W  cm”2 
electrical  energy  using  tjek  ~  20%.  This  is  a  very  low  value  when 
compared  to  e.g.  fuel  cells  [63]  or  the  power  density  of  electroki¬ 
netic  energy  conversion  in  50  nm  Nucleopore  membranes  where  it 
is  of  the  order  P/A  ~  0.091  W  cm”2  at  10  bar  and  with  a  6  pm  thick 
membrane  [32].  Obviously,  the  power  density  can  be  significantly 
improved  by  increasing  the  trans-membrane  pressure  difference  as 
well  as  using  thinner  membranes,  but  the  very  low  hydraulic 
permeability  of  Nafion  makes  power  densities  comparable  to  that 
of  fuel  cells  speculative. 

It  is  emphasized  that  the  measured  figure-of-merit  is  obtained 
up  to  3  bar  pressure  difference  and  extrapolation  to  high  pressures 
requires  that  the  transport  properties  are  linear  functions  of  the 
pressure.  As  noted  earlier,  the  analysis  of  experimental  literature 
data  of  xH  for  Nafion  [45,52,53]  indicates  that  this  is  not  the  case. 
Furthermore,  the  effects  of  concentration  polarization  on  the 
streaming  potential  will  become  more  significant  with  increasing 
pressures  as  seen  by  the  measurement  of  the  filtration  potential 
[64,65].  In  the  present  article  the  electrokinetic  energy  conversion 
properties  have  been  evaluated  when  concentration  polarization 
effects  are  diminished.  The  combined  effect  of  concentration  po¬ 
larization  at  higher  pressures  or  in  the  limit  of  no  stirring  on  /?ek  is 
at  the  present  state  unclear.  In  the  limit  of  no  stirring  the  streaming 
potential  increases  and  the  hydraulic  permeability  and  the  con¬ 
ductivity  decreases,  however,  the  combined  effect  on  jSE k  is 
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unpredictable  and  direct  experimental  determination  of  the  con¬ 
version  efficiency  is  required  for  a  better  understanding  of  the 
processes. 

With  respect  to  further  enhancement  of  the  electrokinetic  energy 
conversion  efficiency  in  aqueous  electrolytes  it  is  not  expected  that  it 
can  be  significantly  improved  with  any  of  the  monovalent  alkali 
metals.  Indeed,  the  streaming  potential  coefficient  generally  in¬ 
creases  with  increasing  hydration  radius  of  the  ion  (Li+  >  Na+  >  I<+) 
[54],  here  H+  is  an  exception  due  to  the  extra  tunneling  transport 
mechanism  that  reduces  the  water  transport  number  and  streaming 
potential.  With  respect  to  optimization  of  LiCl  concentration  is  it  also 
not  likely  that  it  can  be  improved  further.  The  maximum  /?EK  for 
conventional  models  is  normally  found  [12-15,19-25]  for 
kd- dp  ~  1-2,  where  kd  is  the  inverse  Debye  length  and  dp  is  the  pore 
diameter.  Assuming  dp  =  4  nm  along  with  the  LiCl  concentration  of 
0.03  M  results  in  nD-dp  ~  2  showing  that  further  optimization  with 
respect  to  concentration  is  also  unlikely. 

Using  the  conservative  value  77 Ei<  =  18%  ±  2%  is  larger  than  what 
is  normally  obtained  by  conventional  theoretical  models  where  ?7Ek 
up  to  approximately  10%  is  found  [12-15,19-25].  Recently,  how¬ 
ever,  models  that  include  slip  flow  [16,18,25]  or  in  pores  where  ion 
layering  due  to  sterical  restrictions  occur  [26,27]  have  resulted  in 
much  larger  theoretical  efficiencies.  In  both  cases  the  effects  in¬ 
crease  with  the  surface  charge  density  [16,18,25-27]. 

The  present  study  is  the  first,  for  the  best  of  our  knowledge,  that 
specifically  considers  electrokinetic  energy  conversion  in  a  system 
in  which  pores  are  highly  charged  (00  ~  0.2  C  rrr2-l  C  m-2),  it  is 
however  unclear  if  the  enhanced  energy  conversion  efficiency  is  a 
result  of  slip  flow  and/or  ion  layering.  In  both  models  only  relatively 
large  pore  diameters  are  considered  while  in  Nation  the  pore 
diameter  is  in  the  range  1  -5  nm.  In  such  narrow  pores,  flow  profiles 
and  ion  layering  is  not  well  defined  since  the  narrowest  channels 
only  are  approximately  3-4  water  molecules  wide. 

5.  Summary 

To  the  best  of  our  knowledge  this  is  the  first  designated  study  of 
the  electrokinetic  energy  conversion  efficiency  of  highly  charged 
membranes  in  general  and  particularly  of  Nation  117  membranes. 
Three  independent  transport  coefficients,  namely  hydraulic 
permeability,  streaming  potential  and  ion  conductivity  have  been 
measured  in  0.03  M  LiCl  solutions  and  at  room  temperature.  A 
surprisingly  high  electrokinetic  figure-of-merit  of  1.1  ±  0.2  is  found 
and  correspond  to  a  first  law  energy  conversion  efficiency  of 
18%  ±  2%  in  experimental  conditions  similar  to  what  can  be  ex¬ 
pected  in  electrokinetic  energy  conversion  devices.  The  high  t7Ei<  is 
very  promising  with  respect  to  future  applications  of  electrokinetic 
energy  conversion  in  charged  membranes,  and  shows  that  charged 
membranes  may  be  the  key  for  reaching  even  higher  conversion 
efficiencies. 
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